Plasma aldosterone and renin levels have been associated with blood pressure increase and 3-4 year incidence of hypertension in a middle-aged North American community in Framingham. To confirm these findings in a different population, a nested case-control study was performed in a national sample of 1984 French non-hypertensive volunteers aged 45-64 year and followed for 5 years. Cases and controls (individuals becoming hypertensive or remaining non-hypertensive on follow-up) were individually matched on sex, diastolic and systolic pressures at baseline. Multivariable regression models show that plasma aldosterone and renin are respectively positively and negatively associated with the increase in systolic pressure (P ¼ 0.01 and 0.001) and the risk of hypertension (22% increase and 16% decrease per s.d. increment in the log, P ¼ 0.04 and 0.07). These associations are mostly observed in the lowest tertiles of dietary sodium and potassium intakes where plasma aldosterone is positively associated with the increase in systolic pressure (P ¼ 0.01 and 0.08) and the risk of hypertension (59 and 69% increase per s.d. increment in the log, P ¼ 0.02 and 0.01), whereas plasma renin is negatively associated with the increase in systolic pressure (P ¼ 0.0004 and 0.004) and the risk of hypertension (31 and 28% decrease per s.d. increment in the log, P ¼ 0.03 and 0.05). These results reinforce the hypothesis that high plasma aldosterone and low plasma renin levels precede blood pressure increase and the occurrence of hypertension in middle-aged Caucasian populations.
Introduction
Despite the extensive use of plasma aldosterone and renin and of their ratio in hypertension clinics to establish the diagnosis of secondary hypertension and to select appropriate antihypertensive treatments, [1] [2] [3] [4] the number of community-based longitudinal studies reporting these parameters was rather modest until recently. It was made of one English cohort selected in a general population and one American cohort chosen at the worksite. [5] [6] [7] Both studies tested the possibility to predict coronary events by measuring plasma renin and have concluded in opposite directions. [5] [6] [7] In the past few years, the investigators of the Framingham cohort have analysed the association of multiple biomarkers with blood pressure increase and incident hypertension. [8] [9] [10] They showed that the highest quartile of serum aldosterone, relative to the lowest, was associated with a 60% rise in the risk of blood pressure increase and hypertension at 4 years. 8 They also observed that plasma renin was associated with a drop in the risk of blood pressure increase and hypertension on a 3-year follow-up. 10 However, these authors subsequently found in the same cohort that only three biomarkers among nine eligible were retained in a multivariable model: plasma c-reactive protein and plasminogen activator inhibitor-1 and urinary albumin/creatinine ratio whereas neither serum aldosterone nor plasma renin entered the model. 9 These observations prompted us to investigate plasma aldosterone and renin in a national sample of middle-aged French healthy volunteers. 11 Our first aim was to verify that these hormonal levels were associated with blood pressure changes and the risk of hypertension in a cohort showing substantial departures from the Framingham population. Our second aim was to test whether individuals with identical pressure levels had different odds of pressure increase and hypertension on a 5-year follow-up depending on their plasma aldosterone and renin levels. This latter point was important because different pressure levels trigger chronic cardiovascular and renal adaptations that can strongly influence the risk of pressure increase and hypertension and it is unclear whether adjustment for initial pressure levels in multivariable models can correct for these adaptations. 12 For this purpose, we chose to perform a nested case-control study that also had the interest of maximizing the statistical power while minimizing the number of hormonal measurements. Our third aim was to analyse the potential modifying effect of habitual dietary sodium and potassium intakes on the ability of plasma aldosterone and renin to predict the risk of pressure increase and hypertension as these dietary factors influence both blood pressure and the plasma levels of these hormones.
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Materials and methods
Study population
The SUpplémentation en VItamines et Minéraux AntioXydants study originally aimed to test whether adequate intake of antioxidants reduces the incidence of cancers and ischaemic cardiovascular diseases in middle-aged population.
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A large majority (495%) of the 79 976 candidates who volunteered for the study after the media campaign were of Caucasian origin. Among them, 21 481 returned a completed questionnaire and informed consent and 14 412 were eligible on the basis of the absence of overt disease that could have hindered participation to the study or threatened survival. Finally, 13 017 participants (age range 35-64 year) were enrolled in 1994/1995 throughout the metropolitan French territory and randomly allocated to receive either a combination of antioxidants at nutritional doses or a placebo for 7 years. In the present analysis, the supplemented and placebo groups were merged as antioxidant supplementation has been shown to have no effect on the risk of developing hypertension and on the incidence of cardiovascular disease during the course of the study. 11, 15 Participants were invited to attend a clinical visit with blood sampling and physical examination in 1995/1996 (baseline) and 2001/2002 (mean followup ¼ 5.4±0.3 years). The number of participants at the first visit was 9243, including 6470 nonhypertensive. Among these non-hypertensive participants, 4011 attended the second visit (Supplementary Figure 1) . Part of this attrition rate was explained by the fact that 174 participants died, 1009 withdrew consent and 736 were lost. The number of deaths of cardiovascular origin was 28 for a total of 583 cardiovascular events (74 and 29 of these events respectively occurred in the hypertensive and non-hypertensive groups that were defined for the present analysis).
Blood pressure measurement
During clinical visits that were performed by trained investigators in mobile units, blood pressure was taken once on each arm with a standard mercury sphygmomanometer and appropriate-sized cuff after 10 min of rest in a supine position. If mean systolic and diastolic pressures were below 160 and 100 mm Hg respectively, they were used for the analyses. Otherwise, blood pressure was measured again on each arm after additional 10 min of rest and the lowest mean was retained for the analyses. Participants also completed questionnaires reporting medication intake, health event, consultation and hospitalization. 11 Hypertension was defined by a systolic pressureX140 mm Hg and/or a diastolic pressureX90 mm Hg and/or the use of antihypertensive medication.
Measurement of plasma renin and aldosterone levels
Blood sampling was performed at the first clinical visit in recumbent participants who had been fasting for 12-h overnight. Measurement of plasma renin activity by radioimmunoassay (estimated by the amount of 125 I-angiotensin I generated during 1 h at 37 1C and pH 5.7) has been purposely selected instead of immunoreactive active renin quantification to avoid the uncertainties existing in some of these assays in the low range of plasma renin values. 16, 17 Plasma aldosterone was measured by radioimmunoassay with 125 I-aldosterone as a tracer (Coat-A-Count Aldosterone, Diagnostic Products Corporation, France). Detection thresholds were 0.032 ng AI per ml per h for plasma renin activity and 0.011 ng ml À1 for plasma aldosterone. Interassay (n ¼ 52) and intra-assay (n ¼ 6) coefficients of variation were 31 and 16% in the low concentration range and 25 and 9% in the high concentration range for plasma renin activity. The coefficients of variation were respectively 15 and 5% and 10 and 2% for plasma aldosterone.
Estimation of habitual sodium and potassium intakes During follow-up, participants were requested to provide 24-h dietary record every 2 months by using an instruction manual for the codification of foods and the estimation of portion size. 18 The day of the record was randomly allocated to 2 weekend days and 4 weekdays in such a way that by the end of the study records were available for each day of the week in all seasons. The records collected between the inclusion in the study in 1994/1995 and the first clinical visit in 1995/1996 (average of 8.0±3.5 records per individual) were used to estimate habitual dietary sodium and potassium intakes of participants at baseline (Supplementary Figure 2 19 Although sodium intake did not include discretionary salt, for which no reliable information was available, sodium and potassium intakes were significantly correlated with 24-h urinary excretions in a subset of 149 participants who provided three dietary records and 24-h urinary collections over a week for the purpose of validating food frequency questionnaire (r ¼ 0.27, P ¼ 0.05 for sodium and r ¼ 0.35, P ¼ 0.02 for potassium). The same records were used to estimate habitual alcohol consumption at baseline that was entered in multivariable models as another important confounder. These records included data on 37 alcoholic beverages that allowed to calculate alcohol consumption as g per 24-h.
Statistical analyses
At baseline, the associations of plasma aldosterone and renin and their ratio with the other characteristics of participants were tested by computing Pearson's unadjusted correlation coefficients and partial correlation coefficients that were obtained after adjusting for the other covariates.
To test whether baseline plasma aldosterone and renin levels predict hypertension, cases and controls (participants becoming hypertensive or remaining non-hypertensive on follow-up) were individually matched on sex, and diastolic and systolic blood pressures (using 5 mm Hg classification) at baseline. Among 4011 non-hypertensive participants at baseline who attended the clinical visit at the end of follow-up, we were able to match 992 of 1058 cases to 992 controls randomly selected from 2953 participants who remained non-hypertensive (Supplementary Figure 1) . Logistic regression models were used to examine the association of plasma aldosterone, renin and aldosterone/renin ratio with the risk of developing hypertension. Multivariable models were adjusted for sex, age, body mass index, habitual sodium and potassium intakes and alcohol consumption at baseline, percentage of body mass index change on follow-up, and included plasma aldosterone and renin separately or jointly as linear predictors.
Multiple regression models were also used in the whole cohort (n ¼ 1984) to explore whether plasma aldosterone and renin predict systolic and diastolic blood pressure changes on follow-up. They were adjusted for the same factors than the logistic models and included plasma aldosterone and renin separately or jointly as predictors. Regression coefficients were standardized with the same scale of measurement to facilitate their comparison. To further test for effect modification by sodium and potassium intakes on blood pressure changes and on the risk of hypertension, these analyses were stratified by tertiles of sodium and potassium intakes. Plasma aldosterone and renin levels and their ratio were considered as continuous variables and natural log transformed for the analyses because of positively skewed distributions (Supplementary Figure 2) . All statistical analyses were performed with the statistical discovery software JMP 7 (SAS, Cary, NC, USA).
Results
Study participants
The characteristics of participants at baseline and at the end of follow-up are shown in Table 1 . Of importance for the aim of the present study, mean diastolic and systolic pressures at baseline were not different between control and case groups (P ¼ 0.19 Plasma aldosterone and renin and risk of hypertension P Meneton et al and P ¼ 0.89, respectively) as a consequence of the individual matching of participants in these groups on sex and blood pressure levels.
Correlations among the characteristics of participants at baseline
The correlations computed in the whole cohort (n ¼ 1984) are reported in Table 2 . After adjustment for the other variables, plasma aldosterone is positively correlated with plasma renin (Po0.0001), diastolic pressure (P ¼ 0.003) and potassium intake (P ¼ 0.04) and negatively correlated with sodium intake (Po0.0001). Plasma renin is negatively correlated with age (Po0.0001). Plasma aldosterone/renin ratio is positively associated with age (Po0.0001) and diastolic pressure (P ¼ 0.01) and negatively associated with sodium intake (P ¼ 0.001). In addition (not shown in Table 2 ), diastolic pressure is positively correlated with body mass index (r ¼ 0.14, Po0.0001) and sodium intake (r ¼ 0.06, P ¼ 0.03) and systolic pressure is positively correlated with age (r ¼ 0.16, Po0.0001) and diastolic pressure (r ¼ 0.56, Po0.0001).
Prediction of blood pressure increase and the risk of hypertension by plasma aldosterone and renin levels at baseline Plasma aldosterone is positively associated with systolic pressure increase on follow-up in multivariable models incorporating plasma aldosterone and renin together (P ¼ 0.01) but not in models including them separately (Table 3) . Plasma renin is negatively associated with systolic pressure increase (P ¼ 0.002 and 0.001 in models incorporating plasma aldosterone and renin separately or together) whereas plasma aldosterone/renin ratio is positively associated with systolic pressure increase (P ¼ 0.009). Significant associations with the risk of hypertension are also observed in models incorporating plasma aldosterone and renin together but not in models including them separately. An s.d. increment in log aldosterone is associated with a 22% increase (P ¼ 0.04) in the odds of developing hypertension on follow-up. Although not reaching conventional statistical significance, an s.d. increment in log renin would be rather associated with a 16% decrease (P ¼ 0.07) in the risk of hypertension. Multivariable models incorporating plasma aldosterone/renin ratio show that an s.d. increment in the log ratio is associated with a 21% increase (P ¼ 0.02) in the risk of hypertension.
Modifying effect of dietary sodium and potassium intakes on the ability of plasma aldosterone and renin to predict blood pressure increase and hypertension Multivariable models jointly incorporating plasma aldosterone and renin or their ratio as predictors of blood pressure changes and of the risk of hypertension on follow-up were tested by tertiles of baseline Table 2 Correlations of plasma aldosterone and renin levels with the other characteristics of participants at baseline Values are Pearson's unadjusted correlation coefficients or partial correlation coefficients computed in the whole cohort (n ¼ 1984) after adjustment for sex and all the other variables shown in the table. The statistical significance (P) is given in parenthesis.
Plasma aldosterone and renin and risk of hypertension P Meneton et al sodium and potassium intakes in the search for a potential modifying effect of these dietary factors (Table 4) . Plasma aldosterone and aldosterone/renin ratio are positively associated and plasma renin is negatively associated with systolic pressure change only in the lowest sodium intake tertile (P ¼ 0.01, 0.0002 and 0.0004, respectively). Significant associations with diastolic pressure change (P ¼ 0.01 for plasma renin and P ¼ 0.04 for plasma aldosterone/ renin ratio) and with the risk of hypertension (59% increase (P ¼ 0.02), 31% decrease (P ¼ 0.03) and 31% increase (P ¼ 0.05) per s.d. increment in log aldosterone, log renin and log aldosterone/renin, respectively) are also observed in this tertile. Similarly, significant associations with systolic pressure change (P ¼ 0.004 for plasma renin and P ¼ 0.005 for plasma aldosterone/renin ratio) and with the risk of hypertension (69% increase (P ¼ 0.01), 28% decrease (P ¼ 0.05) and 49% increase (P ¼ 0.01) per s.d. increment in log aldosterone, log renin and log aldosterone/renin, respectively) are only observed in the lowest potassium intake tertile.
Discussion
The associations found in the Framingham cohort between plasma aldosterone and renin levels, blood pressure increase and the risk of hypertension are confirmed by the present study that was performed in a nationwide sample of French healthy volunteers differing from the North American cohort in several aspects. In particular, the French population sample is slightly younger (51.2 vs 55.6 years) and has a much lower body mass index (24.1 vs 27.0 kg m À2 ). Despite the difficulties expected in longitudinal studies exploring a single initial measurement of rapidly changing hormone levels (random errors increasing the noise, biasing the results towards the null hypothesis and opening the possibility of chance finding) and the use of different experimental and analytical designs, the two studies are in remarkable agreement to demonstrate that high plasma aldosterone and low renin levels (and consequently a high aldosterone/renin ratio) are present, even in individuals with similar pressure levels, before the rise in blood pressure occurs a few years later. Adjusted odds ratios per s.d. increment in log aldosterone and log renin are almost identical in both cohorts and indicate that a twofold increment in plasma aldosterone and renin is approximately associated with a 20% increase and 15% decrease in the odds of developing hypertension on a 3-to 5-year follow-up. 8, 10 Significant associations of plasma aldosterone and renin and of their ratio with blood pressure increase are also reported in the two cohorts. In the present study, these associations are observed with both systolic and diastolic pressure increases and are partly confirmed by the cross-sectional analysis at baseline showing that plasma aldosterone is independently correlated with diastolic pressure.
Although repeated measurements of daily sodium and potassium intakes and alcohol consumption should provide a more precise estimation of these dietary factors than does a single blood sampling to assess plasma aldosterone and renin levels, it is the instantaneous investigation of the hormonal status that best predicts the risk of hypertension and not sodium and potassium intakes or alcohol consumption that are not by themselves associated with the risk of hypertension (data not shown). This would Plasma aldosterone and renin and risk of hypertension P Meneton et al indicate that in the dietary environment shared by the present cohort, plasma renin and aldosterone levels are more important determinants of blood pressure changes with time, at least in middle-aged individuals. However, a high sodium intake is a critical factor in many studies that have reported inflammatory, fibrotic and thrombotic effects of aldosterone on the heart, brain and kidneys associated with or independently of the effect of dietary sodium on blood pressure. 20 In the Framingham study, the sodium/creatinine ratio obtained in a spot urine sample was explored as a simple assessment of exposure to salt. 8 No association was found with the incidence of hypertension, but the association of serum aldosterone with blood pressure changes was strengthened for persons whose urine sodium index was at or above the median, whereas it was no more statistically significant for those whose index was below the median. 8 In the present study, on the contrary, the associations of plasma aldosterone and renin levels with blood pressure increase and the risk of hypertension are only observed in the lowest tertile of sodium intake (o119 mmol per 24 h), as well as in the lowest tertile of potassium intake (o68 mmol per 24 h). The origin of this discrepancy between the two studies is unclear but could be related to the spot urine protocol used in the Framingham study that is unlikely to give a precise estimation of habitual sodium intake. The fact that the associations are only present when sodium and potassium intakes are low is difficult to interpret due to the strong and positive correlation (r ¼ 0.65) between these two dietary factors and to their opposite effect on aldosterone and renin release in the adrenals and kidneys. 14 The internal validity of hormonal measurements is emphasized by the magnitude of the expected positive correlation observed at baseline between two independently measured parameters, plasma aldosterone and its main regulatory factor, plasma b (s.e.) are standardized regression coefficients with the standard error and are computed in the whole cohort (n ¼ 1984). Odds ratios with 95% confidence interval (OR, 95% CI) are per s.d. increment in the natural log of plasma aldosterone, renin or aldosterone/renin ratio. Analyses are computed by tertiles of Na and K intakes (mean±s.d. of each tertile in parenthesis). Multivariable models include both aldosterone and renin as predictors and are adjusted for sex, age, BMI, alcohol consumption at baseline, percentage of BMI change on follow-up and either Na intake (when tested by tertiles of K intake) or K intake (when tested by tertiles of Na intake) at baseline.
renin. This strong correlation probably explains why the associations of these hormonal parameters with blood pressure increase and the risk of hypertension are maximized in models including them jointly but not separately, a phenomenon that is also observed in the Framingham study. 10 Another expected negative correlation observed at baseline is between plasma renin and age and between plasma aldosterone and sodium intake. The absence of correlation between plasma renin and sodium intake is not surprising when sodium intake is mostly between 100 and 200 mmol per 24 h as in the present cohort (Supplementary Figure 2) . The association described in several studies between plasma renin and sodium intake is based on the rapid increase in plasma renin observed when normal subjects are shifted from a very high to a very low sodium intake 21 and on the exponential relationship reported between plasma renin and sodium elimination in a single 24-h urinary collection on the day before blood sampling. 22, 23 In our study, no urinary measurement was performed at the time of the initial exam, but the exposure to dietary sodium and potassium was periodically measured for 2 years. Although it misses discretionary salt added to food, this methodology that aims at estimating habitual intakes should greatly minimize intra-individual variability. Thus, whereas a third of the hypertensive patients referred to a hypertension clinic have values of urinary sodium less than 50 mmol per 24 h, such low sodium intakes were only observed in 2% of the individuals in the present cohort (Supplementary Figure 2) .
Many studies have reported plasma renin in relatively small groups of patients referred to care centres. 5, [24] [25] [26] [27] Most frequently, these cross-sectional studies have found a decrease of plasma renin in hypertensive subjects compared to normotensive controls, at least in adults. 28 To imply a participation of low renin levels to the occurrence of high blood pressure, a concept of inappropriate renin level in relation to blood pressure 14, 29 and plasma angiotensin 30 has been proposed and vigorously challenged as a theoretical approach used to contradict evidence. 31 In this context, it is worth noting that the investigation of longitudinal blood pressure changes in community samples seems to confirm these clinical findings. This shows that despite some limitations inherent to their blood sampling conditions that are usually much less controlled than in hypertension clinics, especially concerning posture and diet, population studies can bring complementary information to that obtained in clinical investigations.
The findings in the present cohort and in the Framingham population should not necessarily be interpreted to encourage the use of plasma aldosterone and renin measurements for estimating the risk of hypertension as pointed out before. [32] [33] [34] Rather, their main contribution is to add to the understanding of the role of the renin/aldosterone system among other factors in the progressive rise of blood pressure that occurs with age. Even though it is important to recall that observational studies describe statistical associations that do not imply causation, these data support the hypothesis that abnormally high or low but inappropriate plasma aldosterone or renin levels are primary aetiological factors of hypertension. This view is supported by the fall in blood pressure consistently induced by all the drugs that inhibit the renin cascade or block the mineralocorticoid receptor or the aldosterone-induced proteins, even in the presence of a high sodium intake. 35 Mechanistically, the opposite effect of plasma aldosterone and renin levels on the subsequent rise in blood pressure remains to be explained. The endothelial dysfunction with the accompanying decrease in nitric oxide production that occurs with age in a context of inflammation might be an interesting path to explore. 36 Indeed, nitric oxide production has been shown both to increase renin release and to decrease aldosterone secretion and a deficiency in its production may therefore lead to a pattern of high plasma aldosterone and low renin levels. 37, 38 Both studies also point out to a stronger participation of aldosterone in the development of human hypertension than expected from the investigations in animal models that have more emphasized the role of renin and angiotensin. 39 They suggest that a pharmacological therapy aimed at decreasing aldosterone synthesis would be useful if the correction of a high aldosterone status present before blood pressure rise is able to prevent it, as does a renin-angiotensin system pharmacological blockade. 40 What is known about this topic K Plasma aldosterone and renin levels have been associated with blood pressure increase and 3-4 year incidence of hypertension only once in a middle-aged North American community. K These findings remained uncertain due to the large intraindividual variability of plasma aldosterone and renin and blood pressure and to the fact that single measurements were used to estimate these phenotypes. K In the same community, only three biomarkers (plasma creactive protein and plasminogen activator inhibitor-1 and urinary albumin/creatinine ratio) among nine eligible (including plasma aldosterone and renin) were retained in a multivariable model used to predict the risk of hypertension.
What this study adds K The present study confirms in a French community sample that plasma aldosterone and renin are predictors of blood pressure increase and of the risk of hypertension at 5 year. K It shows that these correlations are observed in individuals with low dietary sodium and potassium intakes, that is, in conditions where the renin-aldosterone system is upregulated.
